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(54)  Method  of  detecting  fault  in  electromagnetically-actuated  intake  or  exhaust  valve 

(57)  A  method  of  detecting  a  fault  of  an  electromag- 
netically-actuated  intake/exhaust  valve  is  disclosed.  A 
valve  body  is  supported  in  neutral  position  by  the  ener- 
gizing  force  of  an  elastic  member,  and  the  electromag- 
netic  force  generated  by  supplying  a  current  to  the  coils 
arranged  on  the  two  sides  of  a  plunger  is  applied  to  the 
plunger  thereby  to  operate  the  valve.  A  fault  is  detected 
based  on  a  change  of  the  current  flowing  in  one  coil 
attracting  and  holding  the  plunger  with  the  inductance 
change  of  the  same  coil  when  the  plunger  is  switched 
from  the  position  of  the  same  coil  to  the  position  of  the 
other  coil.  This  method  improves  the  fault  detection 
accuracy  for  the  electromagnetically-actuated 
intake/exhaust  valve  over  the  prior  art. 

F i g . 1  

CO 
o  
Q_ 
LU 

Printed  by  Rank  Xerox  (UK)  Business  Services 
2.14.23/3.4 



1 EP  0  810  350  A1 2 

Description 

BACKGROUND  OF  THE  INVENTION 

1  .  Field  of  the  Invention  s 

The  present  invention  relates  to  an  electromagneti- 
cally-actuated  valve  used  as  a  fuel  intake  or  exhaust 
emission  valve  of  internal  combustion  engines,  or  more 
in  particular  to  a  method  of  detecting  a  fault  in  such  an  w 
electromagnetically-actuated  valve. 

2.  Description  of  the  Related  Art 

The  conventional  intake/exhaust  valve  of  an  inter-  is 
nal  combustion  engine  is  generally  operated  by  a  cam- 
shaft  driven  based  on  the  rotation  of  a  crankshaft.  In 
order  to  achieve  an  optimum  valve  operation  time  in 
accordance  with  the  operating  conditions  and  thereby 
improve  the  performance  of  the  internal  combustion  20 
engine,  various  variable  mechanisms  for  the  valve  gear 
system  including  a  two-stage  switching  system  (on/off 
control  system)  and  a  continuously  variable  system 
have  been  developed  for  practical  applications.  Some  of 
these  variable  mechanisms  displace  the  rotational  25 
phase  of  the  camshaft  and  others  comprise  a  plurality  of 
cam  profiles  of  the  camshaft. 

With  the  above-mentioned  intake/exhaust  valves 
driven  by  the  camshaft,  however,  all  of  the  valve  lift,  the 
valve-open  time  length  and  the  valve  operation  timing  30 
cannot  be  set  independently  and  arbitrarily.  In  an  effort 
to  meet  the  demand  for  a  higher  performance  of  internal 
combustion  engines  in  recent  years,  a  research  effort 
has  vigorously  been  made  to  develop  an  electromag- 
netically-actuated  valve  gear  system  in  which  these  35 
parameters  can  be  set  to  an  ideal  value  in  accordance 
with  the  operating  conditions. 

For  example,  JP-A-61  -250309  (corresponding  to 
USP  4,823,825)  describes  an  electromagnetically-actu- 
ated  valve  having  a  structure  in  which  a  valve  body  sup-  40 
ported  at  the  neutral  position  by  an  energizing  force  of  a 
pair  of  springs  is  moved  from  the  neutral  position  to  full 
open  or  full  close  position  by  exerting  the  electromag- 
netic  force  on  a  plunger  coupled  to  the  valve  body.  The 
same  patent  especially  discloses  a  method  of  detecting  45 
a  fault  of  this  type  of  valve.  The  fault  detection  method 
comprises  the  steps  of  monitoring  the  change  in  the 
current  flowing  in  a  coil  when  power  is  supplied  to  the 
electromagnetically-actuated  valve,  deciding  that  the 
valve  operates  normally  when  the  current  decreases  so 
during  a  predetermined  period,  and  deciding  that  the 
valve  operation  is  faulty  when  the  current  does  not 
decrease  during  such  a  period. 

The  reason  of  the  current  decrease  is  described 
below.  The  magnetic  flux,  i.e.,  the  circuit  inductance,  is  ss 
inversely  proportional  to  the  square  of  the  distance 
between  the  plunger  and  the  core  of  the  electromagnet, 
and  theoretically  suddenly  increases  immediately 
before  the  plunger  touches  the  core.  With  an  increase  in 

the  magnetic  flux,  the  counter  electromotive  force  e 
increases  according  to  the  formula 

e  =  -oV/dt  =  -N(d<t>/dt)  =  -L(di/dt) 

\|/  =  N(|> 

where  \|/  is  the  number  of  flux  interlinkages,  §  is  the 
magnetic  flux,  N  is  the  number  of  turns,  L  is  the  induct- 
ance,  i  is  the  current  and  t  is  the  time.  The  source  volt- 
age  thus  is  substantially  offset  by  the  counter 
electromotive  force  and  is  not  substantially  used  for 
supplying  current,  resulting  in  a  decreased  current. 

This  phenomenon,  however,  does  not  always  occur. 
Depending  on  the  hardware  configuration  including  the 
material  and  geometry,  for  example,  the  magnetic  fluxes 
may  saturate  at  an  early  time.  In  such  a  case,  even  if  the 
plunger  is  normally  attracted  to  the  core,  the  current 
may  not  decrease.  Also,  in  the  final  positional  control 
operation  for  decreasing  the  current  immediately  before 
the  plunger  almost  touches  the  core,  the  current  may 
not  decrease. 

SUMMARY  OF  THE  INVENTION 

In  view  of  this  situation,  the  object  of  the  invention  is 
to  provide  a  method  of  detecting  a  fault  in  an  electro- 
magnetically-actuated  intake/exhaust  valve  with  an 
accuracy  improved  over  the  prior  art. 

In  order  to  achieve  the  above-mentioned  object, 
according  to  a  first  aspect  of  the  invention,  there  is  pro- 
vided  a  method  of  detecting  a  fault  of  an  electromagnet- 
ically-actuated  intake/exhaust  valve,  in  which  a  valve 
body  is  elastically  supported  at  the  neutral  position  by 
the  energizing  force  of  an  elastic  member,  and  the  elec- 
tromagnetic  force  generated  by  supplying  current  to  the 
coils  arranged  on  the  two  sides  of  a  plunger  integrated 
with  the  valve  body  is  exerted  on  the  plunger  thereby  to 
operate  the  valve,  the  method  comprising  the  steps  of 
(a)  switching  the  plunger  position  from  a  first  coil  attract- 
ing  and  holding  the  plunger  to  a  second  coil,  (b)  detect- 
ing  the  change  in  the  current  flowing  in  the  first  coil  with 
the  inductance  change  of  the  first  coil  during  the  execu- 
tion  of  step  (a),  and  (c)  detecting  a  fault  on  the  basis  of 
the  current  change  detected  in  step  (b). 

According  to  a  second  aspect  of  the  invention, 
there  is  provided  a  method  of  detecting  a  fault  of  an 
electromagnetically-actuated  intake/exhaust  valve,  in 
which  the  step  (c)  described  above  preferably  includes 
the  step  of  detecting  a  fault  on  the  basis  of  the  time 
delay  from  the  time  point  when  a  command  current  to  a 
coil  drive  circuit  is  changed  in  order  to  reduce  the  cur- 
rent  value  flowing  in  the  first  coil  by  a  predetermined 
amount  to  the  time  point  when  the  actual  current  flowing 
in  the  first  coil  reaches  a  predetermined  value  corre- 
sponding  to  the  change  in  the  command  current  value. 

According  to  a  third  aspect  of  the  invention,  there  is 
provided  a  method  of  detecting  a  fault  of  an  electromag- 
netically-actuated  intake/exhaust  valve,  in  which  the 
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step  (c)  described  above  preferably  includes  the  step  of 
detecting  a  fault  on  the  basis  of  the  difference  between 
the  command  current  value  applied  to  the  coil  drive  cir- 
cuit  for  reducing  the  current  flowing  in  the  first  coil  by  a 
predetermined  amount  and  the  actual  current  flowing  in 
the  coil. 

According  to  a  fourth  aspect  of  the  invention,  there 
is  provided  a  method  of  detecting  a  fault  of  an  electro- 
magnetically-actuated  intake/exhaust  valve,  in  which  a 
valve  body  is  elastically  supported  at  the  neutral  posi- 
tion  by  the  energizing  force  of  an  elastic  member,  and 
the  electromagnetic  force  generated  by  supplying  cur- 
rent  to  the  coils  arranged  on  the  two  sides  of  a  plunger 
integrated  with  the  valve  body  is  exerted  on  the  plunger 
thereby  to  operate  the  valve,  the  method  comprising  the 
steps  of  (a)  switching  the  plunger  position  from  a  first 
coil  attracting  and  holding  the  plunger  to  a  second  coil, 
(b)  detecting  the  rise  time  of  the  current  flowing  in  the 
second  coil  in  step  (a),  and  (c)  detecting  a  fault  on  the 
basis  of  the  rise  time  detected  in  step  (b). 

When  the  valve  operation  is  faulty,  the  plunger  fails 
to  be  attracted  to  the  neighborhood  of  the  coils  and  the 
resulting  increased  air  gap  reduces  the  coil  inductance, 
resulting  in  an  improved  ability  of  the  current  flowing  in 
the  coils  to  follow  the  command  current.  In  the  above- 
mentioned  fault  detection  method  for  an  electromagnet- 
ically-actuated  intake/exhaust  valve  according  to  the 
first,  second  and  third  aspects  of  the  invention,  the  abil- 
ity  of  the  actual  coil  current  to  follow  the  command  cur- 
rent  when  transferring  from  the  attracted  and  held  state 
to  the  released  state,  i.e.,  the  response  delay  and  the 
response  current  value  are  determined  thereby  to 
detect  a  fault  in  the  valve  operation.  The  coil  for  attrac- 
tion  and  holding  is  supplied  with  a  predetermined  cur- 
rent  for  holding,  and  the  current  value  switched  for 
releasing  the  attraction  is  also  predetermined.  This  facil- 
itates  the  comparison  between  the  actual  current  value 
and  the  command  current  value,  thereby  making  possi- 
ble  a  highly  accurate  fault  detection  without  any  fault 
detection  unit. 

In  the  case  where  the  plunger  fails  to  reach  a  new 
position  of  the  new  attracting  coil  due  to  the  loss  of  syn- 
chronism  or  the  like  when  the  plunger  attraction  is 
switched  from  one  coil  to  the  other,  the  small  inductance 
of  the  attracting  coil  and  hence  a  high  ability  of  the  coil 
current  to  follow  the  command  current  causes  the  coil 
current  to  rise  sharply.  In  the  fault  detection  method  for 
the  electromagnetically-actuated  intake/exhaust  valve 
according  to  the  fourth  aspect  of  the  invention  described 
above,  the  presence  or  absence  of  a  fault  of  valve  oper- 
ation  such  as  the  loss  of  synchronism  can  be  detected 
by  detecting  the  rise  time  and  therefore  the  need  for  an 
independent  fault  detection  unit  is  eliminated. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Further  features  and  advantages  of  the  present 
invention  will  be  apparent  from  the  following  description 
with  reference  to  the  accompanying  drawings,  in  which: 

Fig.  1  is  a  longitudinal  sectional  view  of  an  electro- 
magnetically-actuated  intake/exhaust  valve  accord- 
ing  to  an  embodiment  of  the  invention; 
Fig.  2  is  a  diagram  showing  a  drive  circuit  of  an 

5  electromagnetically-actuated  valve  according  to  an 
embodiment  of  the  invention; 
Figs.  3A  and  3B  are  diagrams  illustrating  a  process- 
ing  circuit  for  an  actual  coil  current  (monitor  current) 
Im; 

10  Fig.  4  is  a  diagram  showing  the  relation  between 
the  plunger  position  and  the  electromagnetic  force 
(attraction)  exerted  by  an  upper  electromagnet  on 
the  plunger,  with  the  upper  coil  current  as  a  param- 
eter  (solid  line),  and  the  relation  between  the 

15  plunger  position  and  the  energizing  force  exerted 
by  a  pair  of  springs  on  the  plunger  (dashed  line); 
Figs.  5A,  5B  and  5C  show  example  time  charts 
showing  a  valve  lift,  an  upper  coil  command  current 
and  a  lower  coil  command  current,  respectively; 

20  Figs.  6A,  6B  and  6C  show  another  example  time 
charts  showing  a  valve  lift,  an  upper  coil  command 
current  and  a  lower  coil  command  current,  respec- 
tively; 
Figs.  7A  and  7C  are  time  charts  showing  wave- 

25  forms  of  a  command  current  (solid  line)  for  the 
releasing  coil  and  an  actual  current  Im  (dotted  line) 
flowing  when  the  command  current  Ic  is  changed 
from  a  holding  current  value  lh  to  0  to  release  the 
attraction  and  holding  of  the  plunger,  and  Figs.  7B 

30  and  7D  are  time  charts  showing  the  valve  lift  for  the 
respective  cases,  in  which  Figs.  7A  and  7B  repre- 
sent  the  normal  operation,  and  Figs.  7C  and  7D 
represent  the  operation  at  the  time  of  loss  of  syn- 
chronism; 

35  Figs.  8A  and  8C  are  time  charts  showing  wave- 
forms  of  a  command  current  Ic  (solid  line)  for  the 
releasing  coil  and  an  actual  current  Im  (dotted  line) 
flowing  when  the  command  current  Ic  is  changed 
from  a  holding  current  value  lh  to  a  negative  current 

40  value  lr  temporarily  and  then  increased  to  0  to 
release  the  attraction  and  holding  of  the  plunger, 
and  Figs.  8B  and  8D  are  time  charts  showing  the 
valve  lift  for  the  respective  cases,  in  which  Figs.  8A 
and  8B  represent  the  normal  operation,  and  Figs. 

45  8C  and  8D  represent  the  operation  at  the  time  of 
loss  of  synchronism; 
Figs.  9A  and  9C  are  time  charts  showing  wave- 
forms  of  a  command  current  Ic  (solid  line)  for  the 
attracting  coil  and  an  actual  current  Im  (dotted  line) 

so  flowing  when  the  command  current  Ic  is  changed 
from  0,  and  Figs.  9B  and  9D  are  time  charts  show- 
ing  the  valve  lift  for  the  respective  cases,  in  which 
Figs.  9A  and  9B  represent  the  normal  operation, 
and  Figs.  9C  and  9D  represent  the  operation  at  the 

55  time  of  loss  of  synchronism; 
Fig.  1  0  is  a  flowchart  showing  the  steps  of  operation 
for  the  electromagnetically-actuated  valve  control 
routine;  and 
Figs.  1  1  A,  1  1  B  and  1  1  C  are  time  charts  showing  a 
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lower  coil  command  current,  a  valve  lift  and  an 
upper  coil  command  current,  respectively,  for 
explaining  a  trouble-shooting  process. 

DESCRIPTION  OF  THE  PREFERRED  EMBODI- 
MENTS 

Now,  embodiments  of  the  present  invention  will  be 
described  with  reference  to  the  accompanying  draw- 
ings. 

Fig.  1  is  a  longitudinal  sectional  view  showing  an 
electromagnetically-actuated  intake/exhaust  valve 
according  to  an  embodiment  of  the  invention.  A  valve 
body  10  shown  in  Fig.  1  includes  a  valve  head  12  and  a 
valve  stem  1  4.  The  valve  face  1  3  of  the  valve  head  1  2  is 
seated  on  or  leaves  a  valve  seat  33  formed  in  an 
intake/exhaust  port  32  of  an  internal  combustion  engine 
thereby  to  operate  the  intake/exhaust  port  32.  The  valve 
stem  14  of  the  valve  body  10  is  held  slidably  in  axial 
direction  by  a  valve  guide  31.  A  plunger  16  is  fixed  on 
the  valve  stem  14. 

The  plunger  16  is  made  of  a  circular  disk  member 
composed  of  a  soft  magnetic  material.  An  upper  core  22 
is  arranged  above  the  plunger  16  in  a  predetermined 
spaced  relationship  with  the  plunger  16,  and  a  lower 
core  23  is  arranged  under  the  plunger  16  in  a  predeter- 
mined  spaced  relationship  with  the  plunger  16.  The 
upper  core  22  and  the  lower  core  23  are  composed  of  a 
soft  magnetic  material  and  held  in  predetermined  rela- 
tive  positions  by  a  case  20  made  of  a  nonmagnetic 
material.  An  upper  coil  24  is  held  in  the  upper  core  22, 
and  a  lower  coil  25  is  held  in  the  lower  core  23. 

The  valve  stem  14  is  supported  in  the  direction 
thereof  by  an  upper  spring  26  and  a  lower  spring  27. 
The  upper  spring  26  and  the  lower  spring  27  are  bal- 
anced  in  force  with  each  other  in  such  a  manner  that  the 
position  (neutral  position)  of  the  plunger  16  is  intermedi- 
ate  between  the  upper  core  22  and  the  lower  core  23 
when  neither  the  upper  coil  24  nor  the  lower  coil  25  is 
supplied  with  power.  As  long  as  the  plunger  1  6  is  at  neu- 
tral  position,  the  valve  body  10  assumes  a  position  inter- 
mediate  between  a  full-open  displaced  end  and  a  full- 
closed  displaced  end. 

With  this  configuration,  a  magnetic  circuit  is  gener- 
ated  around  the  upper  coil  24  through  the  upper  core  22 
and  the  plunger  16  and  the  air  gap  formed  between  the 
upper  core  22  and  the  plunger  16.  Consequently,  when 
a  current  flows  in  the  upper  coil  24,  magnetic  fluxes  cir- 
culate  in  the  magnetic  circuit  and  an  electromagnetic 
force  is  generated  in  such  a  direction  as  to  reduce  the 
air  gap,  i.e.,  in  such  a  direction  as  to  displace  the 
plunger  16  upward.  On  the  other  hand,  a  magnetic  cir- 
cuit  is  generated  around  the  lower  coil  25  through  the 
lower  core  23  and  the  plunger  1  6  and  the  air  gap  formed 
between  the  lower  core  23  and  the  plunger  16.  When  a 
current  flows  in  the  lower  coil  25,  therefore,  an  electro- 
magnetic  force  is  generated  similarly  in  such  a  direction 
as  to  displace  the  plunger  1  6  downward.  The  plunger  1  6 
can  thus  be  vertically  reciprocated,  that  is,  the  valve 

body  10  can  be  driven  alternately  in  opening  and  clos- 
ing  directions  by  supplying  a  current  to  the  upper  coil  24 
and  the  lower  coil  1  6  alternately. 

Fig.  2  is  a  circuit  diagram  showing  an  example  of 
5  circuit  configuration  for  driving  the  electromagnetically- 

actuated  valve  shown  in  Fig.  1  .  As  shown  in  Fig.  1  ,  the 
components  associated  with  the  upper  coil  24  and  the 
components  associated  with  the  lower  coil  25  have  the 
same  circuit  configuration.  A  description,  therefore,  will 

10  only  be  given  about  the  components  associated  with  the 
upper  coil  24. 

A  first  terminal  24a  of  the  upper  coil  24  is  connected 
to  the  emitter  terminal  of  a  forward  switching  device  40 
composed  of  an  NPN  transistor  and  the  collector  termi- 

15  nal  of  a  reverse  switching  device  41  composed  of  an 
NPN  transistor.  A  second  terminal  24b  of  the  upper  coil 
24,  on  the  other  hand,  is  connected  to  the  collector  ter- 
minal  of  a  forward  switching  device  42  composed  of  an 
NPN  transistor  and  the  emitter  terminal  of  a  reverse 

20  switching  device  43  similarly  composed  of  an  NPN  tran- 
sistor. 

The  collector  terminal  of  the  forward  switching 
device  40  and  the  collector  terminal  of  the  reverse 
switching  device  43  are  both  connected  to  the  positive 

25  terminal  of  a  power  supply  50.  The  emitter  terminal  of 
the  reverse  switching  device  41  and  the  emitter  terminal 
of  the  forward  switching  device  42  are  both  connected  to 
the  negative  terminal  of  the  power  supply  50.  Further, 
the  base  terminals  of  the  forward  switching  devices  40 

30  and  42  are  both  connected  to  the  forward  output  termi- 
nal  47f  of  a  switching  device  drive  circuit  47.  In  similar 
fashion,  the  base  terminals  of  the  reverse  switching 
devices  41  and  43  are  both  connected  to  the  reverse 
output  terminal  47r  of  the  switching  device  drive  circuit 

35  47. 
The  actual  current  Im  flowing  in  the  upper  coil  24  is 

detected  by  a  coil  current  detection  circuit  45,  and  the 
output  signal  of  the  coil  current  detection  circuit  45  is 
applied  to  the  negative  terminal  of  a  subtraction  circuit 

40  48.  The  positive  terminal  of  the  subtraction  circuit  48  is 
supplied  with  a  coil  command  current  value  Ic  output 
from  an  engine  electronic  control  unit  (engine  ECU)  60. 
The  output  Ic-lm  of  the  subtraction  circuit  48  is  applied 
to  the  switching  device  drive  circuit  47. 

45  The  switching  device  drive  circuit  47  includes 
therein  a  triangular  wave  oscillation  circuit  for  generat- 
ing  a  triangular  wave  of  a  predetermined  period  and  a 
comparator  circuit  for  comparing  the  triangular  wave 
with  the  input  signal  Ic-lm.  The  switching  device  drive 

so  circuit  47  thus  generates  a  PWM  pulse  signal  regulated 
to  a  duty  factor  corresponding  to  the  magnitude  of  the 
input  signal  Ic-lm.  As  long  as  the  signal  Ic-lm  is  positive 
in  value,  the  switching  device  drive  circuit  47  outputs  a 
PWM  pulse  of  a  duty  factor  corresponding  to  the  magni- 

55  tude  thereof  from  the  forward  output  terminal  47f.  When 
the  signal  Ic-lm  is  negative  in  value,  in  contrast,  a  PWM 
pulse  signal  having  a  duty  factor  corresponding  to  the 
magnitude  thereof  is  output  from  the  reverse  output  ter- 
minal  47r. 

4 
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In  the  case  where  the  input  signal  Ic-lm  is  positive, 
therefore,  the  two  forward  switching  devices  40  and  42 
are  turned  on  with  a  duty  factor  corresponding  to  the 
signal  Ic-lm.  When  the  input  signal  Ic-lm  is  negative  in 
value,  on  the  other  hand,  the  two  reverse  switching  5 
devices  41  and  43  are  turned  on  with  a  duty  factor  cor- 
responding  to  the  current  Ic-lm.  In  the  process,  the  for- 
ward  switching  devices  40,  42  never  turn  on  at  the  same 
time  as  the  reverse  switching  devices  41  ,  43.  The  signal 
Ic-lm  thus  is  controlled  to  become  zero  in  value  by  the  w 
switching  device  drive  circuit  47.  The  actual  current  Im 
flowing  in  the  upper  coil  24,  therefore,  can  be  rendered 
to  coincide  accurately  with  the  command  current  value 
Ic,  thereby  making  it  possible  to  produce  a  characteristic 
stable  against  the  variations  of  the  source  voltage  and  75 
the  circuit  characteristics. 

Further,  the  output  of  the  coil  current  detection  cir- 
cuit  45  is  applied  to  the  engine  ECU  60,  which  uses  the 
actual  current  Im  flowing  in  the  coils  24,  25  for  detecting 
a  fault  of  the  electromagnetically-actuated  valve,  as  20 
described  later.  The  output  signal  Im  of  the  coil  current 
detection  circuit  45  is  an  analog  signal  having  a  voltage 
value  corresponding  to  the  actual  current  flowing  in  the 
coils.  As  shown  in  Fig.  3A,  therefore,  this  signal  is  sup- 
plied  to  an  A/D  converter  64  which  can  be  built  in  a  CPU  25 
(central  processing  unit)  62  in  the  ECU  60.  Neverthe- 
less,  the  A/D  conversion  is  a  process  which  generally 
consumes  a  considerable  time  and  undesirably 
increases  the  cost.  This  trend  is  promoted  with  the 
increase  in  the  number  of  actuators,  i.e.,  electromagnet-  30 
ically-actuated  valves  involved,  resulting  in  an  increased 
need  of  improving  the  processing  performance  of  the 
CPU  and  hence  a  further  increased  cost.  In  view  of  this, 
in  the  case  where  the  only  need  is  to  decide  whether  or 
not  the  coil  current  Im  is  larger  than  a  predetermined  35 
threshold  value,  the  same  effect  is  obtained  by  adding  a 
fail  decision  circuit  66  having  a  comparator  68  for  com- 
paring  the  voltage  signal  Im  representing  the  coil  cur- 
rent  with  a  predetermined  threshold  voltage  value  VR, 
as  shown  in  Fig.  3B,  and  applying  a  digital  output  signal  40 
thereof  to  the  CPU  62. 

In  Fig.  4,  a  plurality  of  curves  denoted  by  solid  lines 
represent  the  relation  between  the  position  of  the 
plunger  1  6  (with  the  position  contacting  the  upper  core 
22  set  as  zero)  and  the  electromagnetic  force  (attrac-  45 
tion)  exerted  on  the  plunger  16  by  the  electromagnet 
associated  with  the  upper  coil  22,  with  the  value  of  the 
current  flowing  in  the  upper  coil  24  as  a  parameter.  As 
indicated  by  these  curves,  the  electromagnetic  force 
(attraction)  exerted  on  the  plunger  rapidly  increases  so 
with  the  approach  of  the  valve  body  1  0  to  the  full-closed 
displaced  end.  The  dashed  straight  line  shown  in  Fig.  4 
similarly  represents  the  relation  between  the  position  of 
the  plunger  16  and  the  energizing  force  (on  the  lower 
core  23  side)  exerted  by  the  upper  spring  26  and  the  55 
lower  spring  27  on  the  valve  body  1  0.  As  seen  from  this 
straight  line,  the  energizing  force  simply  increases  line- 
arly  even  when  the  valve  body  1  0  approaches  the  full- 
closed  displaced  end.  This  is  also  the  case  with  the 

electromagnetic  force  exerted  by  the  electromagnet  on 
the  lower  core  23  as  shown  in  Fig.  4,  from  which  it  is 
seen  that  the  full-closed  position  is  simply  replaced  by 
the  full-open  position.  Consequently,  the  closer  the  full- 
open  position  or  the  full-closed  position,  the  smaller  the 
current  required  for  producing  an  electromagnetic  force 
larger  than  the  energizing  force  as  compared  with  the 
force  required  at  neutral  position.  Explanation  will  be 
made  below  about  a  method  of  driving  an  electromag- 
netically-actuated  valve  taking  into  consideration  the 
above-mentioned  characteristics  of  the  electromagnetic 
force  and  the  energizing  force. 

Figs.  5A,  5B  and  5C  are  time  charts  showing  the 
valve  lift,  the  upper  coil  command  current  and  the  lower 
coil  command  current,  respectively.  In  the  full-closed 
state,  as  shown  in  Fig.  5B,  the  upper  coil  24  is  supplied 
with  a  minimum  current  (hereinafter  referred  to  as  "the 
holding  current")  required  for  the  upper  coil  22  to  attract 
and  hold  the  plunger  16.  When  the  valve  is  to  be 
opened,  first,  the  holding  current  stops  being  supplied. 
Then,  the  valve  body  10  moves  toward  the  full-open 
position  by  the  simple  harmonic  oscillation  (free  oscilla- 
tion)  of  a  spring  mass  system.  The  friction  loss  between 
the  valve  stem  14  and  the  valve  guide  31  and  the  inter- 
nal  friction  loss  of  the  springs,  however,  attenuates  the 
amplitude  of  the  movement  of  the  valve  body  10  as 
compared  with  the  ideal  case.  The  current  therefore  is 
supplied  to  the  lower  coil  25  at  a  predetermined  timing. 
This  current  can  be  divided  into  three  categories  includ- 
ing  an  attraction  current,  a  transition  current  and  a  hold- 
ing  current. 

Specifically,  first,  the  attraction  current  is  supplied 
for  moving  the  plunger  16.  Then,  considering  the  char- 
acteristic  of  Fig.  4  described  above,  the  transition  cur- 
rent  decreasing  at  a  given  chronologically  changing  rate 
is  supplied  to  attract  the  plunger  16  with  a  weakened 
electromagnetic  force  (attraction  force).  After  the 
attracting  the  plunger  16,  a  minimum  current  required 
for  attracting  and  holding  the  valve  body  10,  i.e.,  the 
holding  current  is  supplied.  Similarly,  in  the  process  of 
closing  the  valve  from  the  full-open  state,  first,  the  hold- 
ing  current  stops  being  supplied  to  the  lower  coil  25,  and 
the  upper  coil  24  is  supplied  with  the  attraction  current, 
the  transition  current  and  the  holding  current  in  that 
order.  In  this  way,  the  electromagnetically-actuated 
intake/exhaust  valve  according  to  this  embodiment  is  so 
configured  that  the  movement  of  the  valve  body  is  con- 
trolled  by  reducing  the  current  value  immediately  before 
the  valve  body  reaches  the  full-open  position  or  the  full- 
closed  position. 

For  the  free  oscillation  to  be  effected  with  a  satisfac- 
tory  response  upon  release  of  the  plunger  attraction,  it 
is  essential  to  extinguish  the  residual  magnetic  field  in 
the  core.  For  this  purpose,  at  the  time  of  releasing  the 
attraction  and  holding  of  the  plunger,  a  negative  com- 
mand  current  value  as  shown  in  Figs.  6B  and  6C  is  sup- 
plied  effectively  but  the  command  current  value  is  not  as 
shown  in  Figs.  5B  and  5C,  thereby  supplying  the  coil 
current  in  the  direction  opposite  to  the  coil  current  for 

5 
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the  attraction  and  holding  of  the  plunger. 
Now,  in  supplying  a  current  i  to  the  coils,  a  counter 

electromotive  force  e  described  below  is  generated  at 
the  transient  period,  as  described  above. 

e  =  -d\|//dt 

\|/  =  N(|> 

where  \|/  is  the  number  of  flux  interlinkages,  N  is  the 
number  of  turns,  and  (|>  is  the  magnetic  flux.  This  counter 
electromotive  force  is  applied  in  such  a  direction  as  to 
decrease  a  current  tending  to  increase  and  to  increase 
a  current  tending  to  decrease.  The  counter  electromo- 
tive  force  therefore  retards  the  actual  current  following 
the  command  current. 

The  inductance  L,  which  changes  with  the  magni- 
tude  of  the  air  gap  between  the  plunger  and  the  cores, 
increases  with  the  decrease  in  the  air  gap.  In  other 
words,  as  long  as  the  electromagnetically-actuated 
valve  operates  normally,  less  current  flows  and  there- 
fore  the  actual  current  follows  the  command  current 
more  slowly  in  a  region  with  a  smaller  air  gap.  When  the 
synchronism  is  lost,  on  the  other  hand,  a  current  flows  in 
a  region  with  a  somewhat  large  air  gap,  so  that  the 
actual  current  follows  the  command  current  more  rap- 
idly.  According  to  this  invention  based  on  this  knowl- 
edge,  the  ability  of  the  actual  current  to  follow  the 
command  current  is  monitored  thereby  to  decide  the 
normality  or  abnormality  of  the  operation  of  an  electro- 
magnetically-actuated  value. 

Figs.  7A  and  7C  are  time  charts  showing  wave- 
forms  of  a  command  current  Ic  (solid  line)  and  an  actual 
current  (dotted  line)  flowing  when  the  command  current 
Ic  on  the  attracting  and  holding  coil  (releasing  coil) 
changed  from  the  holding  current  value  lh  to  zero  as 
shown  in  Fig.  5B  or  5C  in  order  to  release  the  attraction 
and  holding  of  the  plunger,  and  Figs.  7B  and  7D  are 
time  charts  showing  the  valve  lift  in  the  process.  In 
these  drawings,  Figs.  7A  and  7B  represent  the  normal 
operation,  and  Figs.  7C  and  7D  represent  the  operation 
at  the  time  of  loss  of  synchronism.  In  the  case  where  Ic 
is  reduced  to  zero  at  time  point  t0,  the  actual  current  Im 
gradually  decreases  under  normal  conditions,  and  soon 
begins  to  be  increased  by  the  counter  electromotive 
force  and  reaches  a  local  maximum  h  at  time  point  ti, 
followed  by  beginning  to  decrease  until  the  command 
current  value  reaches  zero  at  time  point  t2. 

At  the  time  of  loss  of  synchronism,  however,  the 
actual  current  never  increases  but  follows  the  command 
current  and  reaches  zero  at  time  point  t2a  earlier  than 
time  point  t2.  The  time  t2  -  10  required  for  the  actual  cur- 
rent  Im  to  reach  zero  in  accordance  with  the  change  of 
the  command  current  Ic  from  the  holding  current  value 
lh  to  zero  is  measured  and  compared  with  a  predeter- 
mined  threshold  value.  If  the  measurement  is  not  higher 
than  the  threshold  value,  an  abnormality  or  a  fault  can 
be  decided.  Also,  the  actual  current  Im,  which  assumes 
a  comparatively  large  value  li  under  normal  conditions 

as  described  above,  takes  a  considerably  smaller  value 
l1a  at  the  time  of  loss  of  synchronism.  In  view  of  this,  a 
fault  can  be  decided  by  measuring  the  actual  current 
value  li  in  the  neighborhood  of  the  time  point  ti,  com- 

5  paring  it  with  a  predetermined  threshold  value  and 
deciding  that  it  is  not  higher  than  the  threshold  value. 

Figs.  8A  and  8C  are  time  charts  showing  wave- 
forms  of  a  command  current  Ic  (solid  line)  and  an  actual 
current  (dotted  line)  flowing  when  the  command  current 

10  Ic  on  the  releasing  coil  is  changed  to  a  negative  current 
value  Ir  from  the  holding  current  value  lh  temporarily  and 
then  increased  to  zero  as  shown  in  Fig.  6B  or  6C  simi- 
larly  in  order  to  release  the  attraction  and  holding  of  the 
plunger,  and  Figs.  8B  and  8D  are  time  charts  showing 

15  the  valve  lift  in  the  process.  In  these  drawings,  Figs.  8A 
and  8B  represent  the  normal  operation,  and  Figs.  8C 
and  8D  represent  the  operation  at  the  time  of  loss  of 
synchronism.  The  time  point  ti  when  the  current  first 
reaches  0  is  advanced  to  tia  at  the  time  of  a  fault.  Also, 

20  the  time  t4  when  the  actual  current  finally  reaches  0  is 
advanced  to  t4a.  For  grasping  the  ability  of  the  actual 
current  to  follow  the  command  current  in  terms  of  time 
delay,  ti  -  10  or  t4  -  10  is  measured  and  compared  with  a 
predetermined  threshold  value.  If  these  values  are  not 

25  more  than  the  threshold  value,  a  fault  is  decided. 
The  difference  l2  -  lr  between  the  command  current 

value  lr  and  the  actual  current  value  l2  at  time  point  t2  is 
lower  at  the  time  of  a  fault  than  under  normal  conditions 
as  shown  as  l2a  -  lr  in  Fig.  8C.  Also,  a  current  l3  gener- 

30  ated  by  the  counter  electromotive  force  is  reduced  at  the 
time  of  a  fault  as  compared  with  the  corresponding  cur- 
rent  under  the  normal  conditions  as  shown  as  l3a  in  Fig. 
8C.  If  the  ability  of  the  actual  current  to  follow  the  com- 
mand  current  is  to  be  detected  as  a  difference  between 

35  the  command  current  value  and  the  actual  current 
value,  the  value  l2  -  lr  or  l3  is  measured  and  compared 
with  a  predetermined  threshold  value,  so  that  if  the 
result  of  comparison  is  not  more  than  the  threshold 
value,  a  fault  is  detected. 

40  Figs.  9A  and  9C  are  time  charts  showing  wave- 
forms  of  a  command  current  Ic  (solid  line)  in  the  second 
coil  (attracting  coil)  and  an  actual  current  (dotted  line) 
Im  flowing  when  the  command  current  Ic  is  changed 
from  zero  in  order  to  start  the  attraction  of  the  plunger  by 

45  the  second  coil,  and  Figs.  9B  and  9D  are  time  charts 
showing  the  valve  lift  in  the  process.  In  these  drawings, 
Figs.  9A  and  9B  represent  the  normal  operation,  and 
Figs.  9C  and  9D  represent  the  operation  at  the  time  of 
loss  of  synchronism.  Under  normal  conditions,  the  cir- 

50  cuit  inductance  causes  the  actual  current  Im  to  rise 
slowly  at  a  slope  of  6.  Once  the  synchronism  is  lost, 
however,  the  failure  of  the  plunger  to  reach  the  neigh- 
borhood  of  the  attracting  coil  reduces  the  circuit  induct- 
ance,  so  that  the  actual  current  Im  rises  sharply  (slope 

55  angle  6a  >  6).  In  view  of  this,  this  slope  6  is  measured 
and  compared  to  a  predetermined  threshold  value,  and 
if  the  difference  is  not  less  than  the  threshold  value,  a 
fault  can  be  decided.  In  place  of  the  slope  6,  the  time  ti 
-  10  required  to  reach  a  predetermined  current  value  lx 

6 
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can  be  measured  and  compared  with  a  predetermined 
threshold  value,  so  that  if  the  difference  is  not  more  than 
the  threshold  value,  a  fault  can  be  decided. 

Fig.  10  is  a  flowchart  showing  the  steps  of  a  routine 
for  controlling  the  electromagnetically-actuated  valve  by 
the  engine  ECU  60  for  detecting  a  fault.  This  routine  is 
configured  to  be  executed  for  each  predetermined  crank 
angle.  First,  step  110  decides  whether  the  present 
crank  angle  indicates  the  timing  for  starting  the  value 
operation,  and  if  the  timing  is  for  operating  the  valve,  the 
process  proceeds  to  step  120,  while  when  the  timing  is 
not  for  opening  or  closing  the  valve,  the  routine  is  termi- 
nated.  Step  120  controls  the  current  as  shown  in  Figs. 
5A,  5B,  5C  or  6A,  6B,  6C  in  order  to  terminate  the  hold- 
ing  of  the  plunger  by  one  coil  and  start  the  attraction  by 
the  other  coil. 

Then,  step  130  measures  the  time  or  the  current 
value  providing  a  parameter  for  fault  detection 
described  above  with  reference  to  Figs.  7A  to  7D,  8A  to 
8D  or  9A  to  9D.  Then,  step  1  40  compares  the  parameter 
with  a  predetermined  threshold  value  thereby  to  decide 
the  presence  or  absence  of  an  operation  fault  of  the 
electromagnetically-actuated  valve.  If  the  decision  that 
there  is  no  fault,  this  routine  is  terminated,  while  if  the 
presence  of  a  fault  is  decided  on,  the  process  proceeds 
to  step  150,  where  a  predetermined  trouble-shooting 
process  is  executed  and  the  routine  is  terminated. 

The  trouble-shooting  process  is  executed,  for 
example,  by  changing  the  command  current  value  when 
supplying  the  attraction  current  to  the  coil  other  than 
that  where  the  loss  of  synchronism  is  detected,  as 
shown  in  Figs.  1  1A  to  1  1C  upon  detection  of  a  fault  by 
the  method  of  Figs.  9A  to  9D.  Specifically,  the  attraction 
current  (peak  current)  is  increased  by  AA  or  the  attrac- 
tion  current  begins  to  be  applied  AT  earlier.  Then,  the 
plunger,  i.e.,  the  valve  body  restores  the  normal  opera- 
tion.  The  attraction  current  can  be  increased  at  the 
same  time  that  the  time  of  starting  the  application  of  the 
attraction  current  is  advanced. 

It  will  thus  be  understood  from  the  foregoing 
description  that,  according  to  this  invention,  the  ability  of 
the  actual  coil  current  to  follow  the  command  current  in 
the  process  of  transition  from  the  attracted  and  held 
state  to  the  unattracted  state  or  the  ability  of  the  actual 
coil  current  to  follow  the  command  current  in  starting  the 
attraction  can  be  determined,  so  that  a  faulty  valve  oper- 
ation  can  be  detected  with  high  accuracy  without  any 
independent  fault  detection  means. 

The  invention  may  be  embodied  in  other  specific 
forms  without  departing  from  the  spirit  or  essential  char- 
acteristics  thereof.  The  present  embodiment  is  therefore 
to  be  considered  in  all  respects  as  illustrative  and  not 
restrictive,  the  scope  of  the  invention  being  indicated  by 
the  appended  claims  rather  than  by  the  foregoing 
description  and  all  changes  which  come  within  the 
meaning  and  range  of  equivalency  of  the  claims  are 
therefore  intended  to  be  embraced  therein. 

A  method  of  detecting  a  fault  of  an  electromagneti- 
cally-actuated  intake/exhaust  valve  is  disclosed.  A  valve 

body  is  supported  in  neutral  position  by  the  energizing 
force  of  an  elastic  member,  and  the  electromagnetic 
force  generated  by  supplying  a  current  to  the  coils 
arranged  on  the  two  sides  of  a  plunger  is  applied  to  the 

5  plunger  thereby  to  operate  the  valve.  A  fault  is  detected 
based  on  a  change  of  the  current  flowing  in  one  coil 
attracting  and  holding  the  plunger  with  the  inductance 
change  of  the  same  coil  when  the  plunger  is  switched 
from  the  position  of  the  same  coil  to  the  position  of  the 

10  other  coil.  This  method  improves  the  fault  detection 
accuracy  for  the  electromagnetically-actuated 
intake/exhaust  valve  over  the  prior  art. 

Claims 
15 

1  .  A  method  of  detecting  a  fault  of  an  electromagneti- 
cally-actuated  intake/exhaust  valve,  in  which  a 
valve  body  is  elastically  supported  at  neutral  posi- 
tion  by  the  energizing  force  of  an  elastic  member, 

20  and  the  electromagnetic  force  generated  by  supply- 
ing  a  current  to  coils  arranged  on  the  two  sides  of  a 
plunger  integrated  with  the  valve  body  is  exerted  on 
the  plunger  thereby  to  operate  the  valve,  the 
method  comprising  the  steps  of: 

25 
(a)  switching  the  position  of  the  plunger  from  a 
first  coil  attracting  and  holding  the  plunger  to  a 
second  coil; 
(b)  detecting  a  change  in  the  current  flowing  in 

30  the  first  coil  with  the  change  in  the  inductance 
in  the  first  coil  when  executing  step  (a);  and 
(c)  detecting  a  fault  based  on  the  change  of  the 
current  detected  in  step  (b). 

35  2.  A  method  according  to  claim  1  ,  wherein  said  step 
(c)  includes  the  step  of  detecting  a  fault  based  on 
the  time  delay  from  a  time  point  when  the  command 
current  applied  to  a  coil  drive  circuit  is  changed  to 
reduce  the  current  flowing  in  the  first  coil  by  a  pre- 

40  determined  amount  to  a  time  point  when  the  actual 
current  flowing  in  said  coil  reaches  a  predetermined 
value  corresponding  to  the  change  in  the  command 
current  value. 

45  3.  A  method  according  to  claim  1,  wherein  step  (c) 
includes  the  step  of  detecting  a  fault  based  on  the 
difference  between  the  command  current  applied  to 
a  coil  drive  circuit  in  order  to  reduce  the  current 
flowing  in  said  first  coil  by  a  predetermined  value 

so  and  the  actual  current  flowing  in  said  first  coil. 

4.  A  method  of  detecting  a  fault  of  an  electromagneti- 
cally-actuated  intake/exhaust  valve,  in  which  a 
valve  body  is  supported  at  neutral  position  elasti- 

55  cally  by  the  energizing  force  of  an  elastic  member, 
and  the  electromagnetic  force  generated  by  supply- 
ing  a  current  to  the  coils  arranged  on  the  two  sides 
of  a  plunger  integrated  with  the  valve  body  is 
exerted  on  the  plunger  thereby  to  operate  the  valve, 
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the  method  comprising  the  steps  of: 

(a)  switching  the  position  of  the  plunger  from 
the  a  first  coil  attracting  and  holding  the  plunger 
to  a  second  coil;  s 
(b)  detecting  the  time  when  the  current  flowing 
in  the  second  coil  rises  in  the  process  of  step 
(a);  and 
(c)  detecting  a  fault  based  on  the  rise  time 
detected  in  step  (b).  10 
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